Polymorphism is an important issue in industrial crystallization, since polymorphs of the 12 same compound can present very different properties, such as solubility, melting point or 13 density, influencing considerably the manufacturability and bioavailability of the final 14
Introduction
Polymorphs of the same compound can have different physical characteristics such as 11 solubility, stability, melting point and, most importantly, bioavailability. For this reason both 12 discovering new polymorphs and designing new control strategies to tailor the polymorphic 13 purity of the final product crystallized in industrial processes is very important. The choice of 14 solvent, supersaturation conditions, temperature, pH and the use of additives can determine 15 the polymorphic outcome of a cooling crystallization, while PAT tools can be used to check 16 the purity of the final product and control its growth. ATR-FTIR, ATR-UV/Vis, in situ 17
Raman and FBRM have been frequently used to control the growth of both stable and 18 metastable polymorphs through different control approaches. Recently a feedback control 19 technique, the active polymorphic feedback control (APFC), was developed to select and 20 grow the desired polymorphic form of the crystallized compound (Simone et al. 2014) . In this 21 strategy both Raman and ATR-UV/Vis spectroscopy are used: the Raman probe can detect the 22 nucleation or seeding of a polymorphic mixture and it eliminates the metastable form by 23 triggering a controlled dissolution cycle. 
2

Control approach Reference
Seeding the desired form between the solubility curve and the metastable limit line in order to avoid the nucleation of the other form and keep cooling until the supersaturation is consumed (Threlfall 2000; Beckmann 2000) Finding the correct amount of seed above which secondary nucleation of the metastable form is suppressed and solution-mediated transformation is avoided in a cooling crystallization (Doki et al. 2003) Seeding during a cooling crystallization and using focused beam reflectance measurement (FBRM) in combination with ATR-FTIR to check the total counts and the supersaturation in order to reach the desired size of the crystals and eliminate the fines via dissolution 
2010)
Control of Polymorphism in Continuous Crystallization via Mixed
Suspension Mixed Product Removal Systems Cascade Design: estimation of the optimal operating conditions to crystallize one specific polymorph (Lai et al. 2015) forms and the dissolution kinetics of the metastable polymorph; a primary nucleation 1 exponential function was used to estimate nucleation of the stable polymorph. The model used included the kinetics of heterogeneous nucleation of the metastable form 5 (exponential primary nucleation type function), size-independent growth rates of both the 6 stable and metastable forms (integration controlled and birth and spread type of functions), 7 dissolution of the metastable form (Sherwood correlation) and heterogeneous and surface 8 nucleation of the stable form. A similar model was used to describe the polymorphic 9 transformation of Buspirone hydrochloride from the metastable form II to stable form I 10 (Trifkovic et al. 2012) . Such model was solved using the methods of moments. 11
More recently, the methods of characteristics was used to describe the behaviour of the α and 12 β forms of para-aminobenzoic acid in a two stages MSMPR reactor (Lai et al. 2015) . The 13 authors included in the model the growth of both stable and metastable forms (size-14 independent and surface integration controlled) and their secondary nucleation (semi-15 empirical equation as a function of the mass of crystals in suspension). 16 As explained in the previous paragraph, population balance models in the literature can 17 include or not primary nucleation of both the stable and the metastable form but all of them 18 include secondary nucleation of the stable form, expressed with semi-empirical functions, 19 primary heterogeneous nucleation exponentials or with two-terms functions including both 20 heterogeneous primary nucleation and surface secondary nucleation. In fact, secondary 21 nucleation of the stable form and dissolution of the metastable polymorph are the key 22 mechanisms happening during a polymorphic transformation (Cardew and Davey, 1985) . 23
Only one theoretical study considered the presence of secondary nucleation of the metastable 1 form and analysed its effect on the transformation time and the concentration profile (Kobari 2 et al. 2014 ). However, the presence of secondary nucleation of the metastable form can be 3 neglected if, during the crystallization process, the solute concentration is very close, or below 4 the solubility of the metastable form. Thus, the supersaturation is too low to allow secondary 5 nucleation. 6
The parameters necessary to define and model the active polymorphic control of ortho-7 aminobenzoic acid are: (i) dissolution kinetics for both forms, (ii) growth kinetics for both 8 forms, (iii) secondary nucleation of the stable form (during transformation), and (iv) primary 9 nucleation of the stable form (during transformation and after seeding far from the solubility 10 curve). The estimated parameters will be then validated and applied to an optimization 11 problem in order to design batch cooling crystallization processes that allow the growth of 12 large crystals of the stable polymorph even in case of erroneous seeding or in situ nucleation 13 of a mixture of the stable and metastable forms. In conclusion, the model-based active 14 polymorphic control (mbAPC) proposed in this work represents a useful approach for the 15 correct design of batch crystallization processes for polymorphic systems. 16 
17
Materials and Methods
18
The model compound used for the experiments is ortho-aminobenzoic acid (OABA), which 19 has three known different polymorphic forms (Jiang et 
10
The mean and the standard deviation of the crystal size distributions measured using the 11 Mastersizer, were used to calculate a Gaussian curve that approximate the experimental data. 12
This approximation was necessary to avoid the overestimation of fine particles in the 13 measured samples, due to the non-spherical shape of the OABA crystals of both polymorphic 14 forms. In fact, the volume and number distributions of needles and flat crystals measured by 15 laser diffraction can show a large number of fine crystals (or even a bimodal shape) simply 16 during the experiments to estimate the rate of transformation and check the composition of the 5 slurry during the experiments performed with the metastable polymorph. Furthermore, the 6 initial seeds were analysed with a Raman microscope (DXR Raman, Thermofisher) in order 7 to check their purity. 8
The solubility curves for both form I and II between 10 and 40 °C were estimated using an the 9 ATR-UV/Vis probe (interpolating data from a slow heating profile). Despite the system being 10 (2) 15 with the temperature expressed in ⁰C and the solubility and calculated in g/g solvent. 16 The solubility of form II and form I have been interpolated with polynomial functions and not 17 with a Van't Hoff type equation to keep consistency with our previous experimental APFC 18 study (Simone et al. 2014 ). In such paper polynomials were used as this is the only type of 19 equation that can be currently input in the in-house software (CryPRINS) to perform 20 supersaturation control during batch crystallization experiments. 21
Population balance model and solution 1
For the description of a particle population, let us introduce the monovariate number density 2 function ( , ) , which expresses the number of crystals within the , + crystal size 3 domain ( expressed in µm) in unit volume of suspension in the time moment (expressed in 4 seconds). Then, population balance equations can be used to predict and simulate 5 polymorphic transformations considering one equation for each polymorph. Three main 6 mechanisms must be considered during a transformation: nucleation and growth of the more 7 stable form and the dissolution of the less stable polymorph. In the mbAPC also dissolution of 8 form I must be considered and estimated. Indicating with the index II the parameters of the 9 metastable form of OABA, and with I the ones of the stable one, the PBE for the studied 10 system, using the simplified ( , ) notations, are: 11
for dissolution of form II, 13
for growth of form II, 15
for dissolution of form I, and 17 
). 3
In order to close the system of equations that characterize the presented model the liquid 4 phase mass balance is required (temperature is the controlled variable, therefore, the energy 5 balance is not necessary): 6
Where is the volume shape factor and stands for the crystal density. The mass balance 7
Eq. (7) refers to the case when both populations are growing and it considers 0 nucleon size. 8
The equation remains valid for dissolution by applying simply / dissolution rates. 9
and are the dissolution rates of the two forms and and the growth rates of form I 10 and II defined as: 11 
A high resolution finite volume method (HR-FVM) was used to solve the model-equations 6 (Gunawan et al. 2004 ). The basic idea of HR-FVM is the discretization of the continuous 7 population density function; denoting with h the size and k the time interval, is the 8 approximate (discrete) population density function defined as: 9
where m and l are integers such that ≥ 0 and ≥ ≥ 1 and N stands for the mesh size (i.e. 10 the number of discretization points). Then, the population balance Eq. (6) reduces to a system 11 of algebraic equations: 12
In Eq. (14) is a binary existence variable with values {0,1} which controls the existence of 13 nucleation. In this PBE formulation, = 1 if = 1 (nucleon size) and is 0 otherwise. It is 14 worth noticing that the same Eq. (14) equation is used for growth and dissolution stages, 1 treating the dissolution as negative growth and keeping in mind that the nucleation rate is 0 if 2 the solution is undersaturated.
= ( ) is the flux limiter function and is the ratio of 3 consecutive gradients: 4
The Van Leer flux limiter of Eq. (16) has been successfully applied in the solution of 5 population balance equations thus is adopted in this study too (Gunawan et al. 2004 ). 6
Note that the numerical apparatus Eqs. (13) - (16) The time step is recalculated in all iterations to satisfy the Courant-Friedrichs-Lewy (CFL) 10 criterion and the numerical system is stable if CFL ≤ 1. 11
Practically the CFL is fixed and k is expressed from Eq. (17) . Finally, the solute mass balance 12 takes the form: 13
Similarly to the Eq,(14), the mass balance Eq. (18) is applicable for dissolution as well, 14 involving the dissolution rate for undersaturated conditions. An extended version of theand a combination of Evolution Strategy with Covariance Matrix Adaptation (ES-CMA) 1 global optimization algorithm (Hansen et al. 2003 ) and Matlab's nlinfit function (Levenberg-2 Marquardt algorithm) was employed to estimate the parameters and the confidence intervals. 3
Systematic experimental design for the model identification 4
Experiments were planned carefully in order to simplify the estimation of the kinetic 5 parameters: the different phenomena were isolated as shown in Figure 2 . Growth and 6 dissolution for both forms were estimated through seeded saturation or desupersaturation 7 experiments. The secondary nucleation of the stable form was estimated through isothermal 8 transformation experiments and using the dissolution and growth kinetics already estimated. 9
Finally secondary nucleation of form I after seeding was evaluated through desupersaturation 10 experiments with low seeds loading at high supersaturation. 11 Table 2 . Some of the 18 experiments reported in Table 2 could be conducted consecutively in the same solution: 19 growth of the metastable form can be estimated by a seeded experiment that can then be used 20 to estimate secondary nucleation of the stable form by just letting the metastable form 21 transform. In these cases, sampling at the beginning of the transformation is necessary to 22 estimate the initial crystal size distribution to use in the parameter estimation. In particular, 23 the kinetic parameters of growth of form II ( , and ) and secondary nucleation of 24 form I ( , s and ) were estimated from the same isothermal experiments, number 11 to 14, 25 each one conducted at a different temperature. All data points before the start of the 1 nucleation of the stable form were used to estimate the growth of the metastable form II, 2 while data collected after the appearance of the stable form were used for the estimation of the 3 kinetics of secondary nucleation of such polymorph. 4 5 The results of one of the combined experiments are shown in Figure 3 . Growth of metastable 2 form and secondary nucleation of the stable form at 10 °C are measured. The first 4000 s of 3 the experiment were used, together with the other three isothermal growth experiments, to 4 estimate growth of form II while the remaining time was used to estimate secondary 5 nucleation of form I. Another important piece of information shown in Figure 3 is that the 6 system can be considered neither growth nor dissolution controlled as in the case of 7 previously studied compounds. 8 
Results and Discussion
1
Parameters estimation and validation 2
The kinetic parameters estimated from all the experiments are shown in Table 3 while Figures  3 4 to 7 show the simulated and experimental data for dissolution and growth of form I and II at 4 different conditions, as well as the two types of nucleation. In order to validate the parameters 5 estimated a leave-one-out cross-validation was performed using all the available experiments. 6 7 
3
The same experimental, fitted and cross-validation concentrations are shown in Figure 5 for 4 the dissolution of form II, in Figure 6 for the growth of form I and, finally, in Figure 7 for the 5 growth of form II. The simulated concentrations for the dissolution of both forms seem to 6 follow well the experimental values and the 95% confidence interval for all the estimated 7 values are narrow (as shown in the third and fourth column of Table 3 ). 8 profile. In this case, the difference is most certainly due to an experimental error on the 8 determination of the initial crystal size distribution or to the approximation of the distribution 9
itself with a Gaussian function, as the deviation is located close to the initial period. The difference between simulated and experimental concentration is higher compared to the 2 experiments with growth and dissolution of both forms and the 95% confidence intervals are 3 also broader (as shown in Table 3 ). This is due to the difficulty in estimating the kinetics 4 parameters for a stochastic process such as nucleation and also because of the limited number 5 of experimental data available. One of the APFC experiments performed (Simone et al. 2014 ) was used to validate the set of 1 parameters estimated. Seeding and dissolution cycle were simulated using the initial 2 conditions shown in Table 4 . 3 4 The mean and the sigma of the crystal size distribution for the validation experiment were 7 estimated as follows: discrepancy is present in the cooling section and it is probably due to the uncertainty in the 8 estimation of primary nucleation (the simulated first moment of form I is higher than the 9 actual one, and therefore, the growth is overestimated). However, the maximum percentage 10 error on the concentration measurement is around 16% and it is localized in the cooling 11 section, and the time of complete dissolution of the undesired form is calculated correctly. 12 
This means that the model is able to simulate and predict well the APFC dissolution cycle so 2 it is suitable for optimization. Form II slightly grows during the first seconds after seeding and 3 then is dissolved by the heating cycle. The amount of form I increases because of nucleation, 4 then decreases during the dissolution cycle because of partial dissolution of form I with form 5 II and then increases again due to growth. 6 7
Process optimization for polymorphic crystallization 8
Optimization was performed using the kinetic parameters to find the optimal temperature 9 profile that eliminates form II and maximizes the size of the crystals of form I at the end of 10 the batch. The batch time was discretized in fifty time intervals of equal duration and the 11 temperature profile optimization was performed by applying the ES-CMA global optimization 12 algorithm. The results were further refined by performing a second optimization using the 13 global optimizer's crude optimum as starting point, applying the Matlab fmincon function 14 (SQP algorithm). The initial temperature of seeding was fixed at around 37 °C. The problem 15 is formulated as follows: 16 A 20 minutes stabilization time was applied: the final temperature was kept constant to allow 6 the consumption of the remained supersaturation. The initial conditions used for the 7 optimization are shown in Table 5 . 8 9 The results of the optimization (shown in Figure 11a to c) demonstrate that a heating step is 12 not only required to eliminate form II but also allows larger crystal size of form I at the end of heating can correct a non-optimal seeding and allows a better final CSD. After the heating 10 step in the optimal profile calculated in this work the temperature is kept high in order to 11 allow growth of the form I crystal and then drops in the end to reach the desired yield. Figure  12 11b shows the optimized temperature profile in the phase diagram: the solute concentration is 13 kept below the solubility of the metastable form to avoid its further nucleation and above the 14 solubility of the stable form to allow its growth during the cooling phase. 15
Conclusions
17
The active polymorphic feedback control (APFC) is a strategy that detects and eliminates the 18 metastable polymorph after nucleation of a mixture or contaminated seeding (Simone et al. 19 2014). The approach uses a combination of Raman spectroscopy to detect the metastable 20 polymorph and trigger a dissolution cycle to eliminate it, and then applies ATR-UV/Vis 21 spectroscopy to grow the remaining crystals of the stable form through supersaturation 22 control. Despite being very efficient in obtaining the pure stable polymorph, this model-free 23 control does not lead to optimal crystal size distribution of the product of stable polymorph atthe end of the batch. In fact, the size distribution of the crystals of the stable form after the 1 dissolution cycle is not controlled and it might not be the optimal to allow a good quality CSD 2 at the end of the supersaturation control. For this reason a model-based active polymorphic 3 control (mbAPC), that allows both the elimination of the metastable form and larger crystals 4 of the stable form at the end of the batch, was developed. The kinetic parameters that are 5 needed to describe the mbAPC for ortho-aminobenzoic acid (dissolution and growth of form I 6 and II, secondary nucleation of form I) were estimated and validated using the data from 7 seeded experiments. A specific design of experiments was performed to estimate each 8 parameter separately and therefore, to avoid correlations between them, as well as to simplify 9 the parameter estimation. All the parameters estimated presented a narrow 95 % confidence 10 interval, apart from the nucleation of the stable form, probably because of the stochastic 11 nature of this phenomenon. 12
After the parameter estimation, optimization was performed. It was found that the dissolution 13 cycle, normally induced by the APFC, not only allows the elimination of the metastable form 14 II, but it is also beneficial to obtain larger crystals of form I at the end of the batch. This is in 15 accordance with experiments as well as with the results of other optimization studies where 16 dissolution was included in the model. 17
In conclusion, the proposed mbAPC can be useful for the design of batch crystallization 18 processes of polymorphic systems as it allows obtaining large crystals of the stable form, even 
